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ABSTRACT 
Colonies and  spore  suspensions  of Streptomyces codicolor were  fixed by  the 
method  of  Kellenberger,  Ryter,  and  S~chaud  (1958) and  embedded  in  meth- 
acrylate  or  araldite.  Thin  sections  were cut  with  an  A.  F.  Huxley  microtome 
and  examined  in  a  Siemens'  Elmiskop  I. 
At  all  stages  of  development  the  hyphae  of Streptomyces coelicolor have an 
extensive  membranous  component  in  the  cytoplasm.  The membranes  are  con- 
tinuous  with  the plasma membrane  and  have a variety of configurations at dif- 
ferent  places  in  the  hyphae.  Tubular  structures,  vesicles, and  parallel  stacks 
of  membranes  are  seen. In  some areas  concentric  layers  of  membranes  form 
whorled structures  which are  particularly  frequent  in  the region of developing 
cross-walls and  within  maturing  spores.  In  the  spores membranous  structures 
often  lie  embedded  in  the  nuclear  material.  In  disintegrating  hyphae  the  in- 
tracytoplasmic  membranes  round  off into small  vesicles and  remain  when  the 
rest  of  the  cytoplasmic  structure  has  gone. 
In  the  absence  of  typical  mitochondria  and  other  cytoplasmic  membranous 
structures  it  is possible that  the  membranous  component  of  the  cytoplasm  of 
Streptomyces codicolor may perform  the  functions  of the endoplasmic reticulum 
and/or  the  mitochondria  of  higher  cells. 
INTRODUCTION 
Although  members  of  the  genus  Streptomyces 
and  other  actinomycetes  have  frequently  been 
regarded  as  forming a  group  that  is phylogeneti- 
cally  intermediate  between  the  eubacteria  and 
the  fungi,  there  is  little  doubt  that  they  are 
closely  related  to  the  eubacteria,  with  only  a 
superficial resemblance to the fungi.  Evidence for 
this  view is provided by  the  facts  that  their  cell 
wall composition (Cummins and Harris, 1958) and 
nuclear  staining  properties  (Badian,  1936) are 
similar to  those of  the  eubacteria,  and  that  they 
are susceptible to specific bacteriophages  (actino- 
phages)  (Wiebols  and  Wieringa,  1936).  The 
colonies of streptomycetes, however, have a  more 
complex  organisation  than  those  of  eubacteria. 
They consist of a  single interconnected system of 
hyphae  which  differ  in  their  appearance  in  the 
light microscope in different regions of the colony. 
* Sir Halley Stewart  Research Fellow. 
The lower layers of the colony on a  solid medium 
consist  of  the  "substrate"  mycelium,  which  has 
developed  from  the  germ  tubes  of  a  spore  and 
extended  over  the  surface  of  the  medium.  The 
upper layer of the colony constitutes  the "aerial" 
mycelium,  which  develops  from  upward-growing 
branches  of  the  substrate  mycelium.  The  aerial 
hyphae are eventually transformed  into chains of 
spores,  thus  completing the  life cycle.  The  cycle 
of  development  of  Streptomyces coelicolor strain 
A3(2),  as  observed  in  the  phase  contrast  micro- 
scope, has been described by Hopwood (1960).  It 
is  of  interest  to  discover  if  the  more  complex 
gross  morphology  of  colonies  of  Streptomyces  is 
reflected in  a  more complex fine structure,  when 
compared with eubaeteria. 
Since most investigators of bacterial fine struc- 
ture  have  found  that  the  cytoplasm  consists 
almost  completely  of  small  granules  (Bradfield, 
1956), the most interesting feature seen in electron 
micrographs  of  thin  sections  of  Streptomyees 
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coelicolor  is  an  extensive membranous component 
in  the  cytoplasm  (Glauert  and  Hopwood,  1959). 
The  details  of  this  intracytoplasmic  membrane 
system are described in the present paper.  Subse- 
quent  papers  will  describe  the  structure  of  the 
nuclear material at different stages in the develop- 
ment  of  the  organism  and  the  structure  of  the 
walls  of  the  hyphae,  the  mode  of  formation  of 
cross-walls, and details of the sporulation process. 
Materials  and  Methods 
Organism.--Streptomyces  coelicolor strain A3(2) (Hop- 
wood,  1960). 
Growth and Preliminary Treatment of the Organism.- 
Isolated colonies, growing on the surface of a "minimal" 
agar  medium  (Hopwood,  1960) were removed on  the 
tip of a  knife.  The narrow zone of liquefaction of the 
agar  that  surrounds  colonies  of  this  strain  (Stanier, 
1942)  facilitated the detachment of  the colonies  with 
very  little  adherent  medium.  The  spores of  strepto- 
mycetes  are  hydrophobic  owing  to  the  presence  of 
lipid  on  their  outer  surface  (Erikson,  1947), and  air 
trapped in the sporing layer of the colony prevents the 
fixative from penetrating to the sporing hyphae unless 
the colonies  are first treated to make them wettable. 
They were therefore placed in dilute detergent (com- 
prox  A,  B.  P.  Detergents Ltd.,  Glasgow,  Scotland, 
diluted  1:5000  with  water)  under  reduced  pressure 
until  they  sank.  They  were  then  washed  in  graded 
proportions of dilute  detergent and  tryptone medium 
(bacto-tryptone,  1.0  per  cent;  NaCl,  0.5  per  cent) 
and finally  placed in the fixative.  Colonies  were fixed 
at  different stages of  development, from 48  hours to 
6 days, and by sectioning them at various levels it was 
possible to  study  the fine  structure of the  mycelium 
in  different parts of  the colony.  Young colonies,  less 
than  50  hours  old,  were  not  handled  individually; 
instead,  cubes  of  the  medium,  carrying  a  streak  of 
confluent colonies,  were cut  out  and  fixed.  Very  few 
spores had  been  formed in  these young  cultures,  so 
that  most  of  the  sections passed  through  substrate 
mycelium. 
The final stages of spore delimitation were not easy 
to study in whole colonies as the sporing layer is only a 
small  fraction of  the total  colony,  and is difficult  to 
find in thin sections; therefore, spore suspensions were 
prepared. A  vigorously sporulating culture was made 
by incubating a heavily inoculated slant of "complete" 
agar medium (Hopwood, 1960) for 5 days. The spores 
were suspended by flooding the culture with dilute de- 
tergent and then scraping the surface of the bacterial 
growth with a  loop.  The  liquid  was filtered through 
cotton  wool  to  remove  large  hyphal  fragments  and 
diluted  with  an  equal  volume  of  tryptone  medium, 
and  the spores were sedimented by  centrifugation at 
about 1200 g for 10 minutes. The pellet was resuspended 
in fixative and left overnight. The organisms were then 
embedded in 2 per cent agar  as described by Kellen- 
berger, Ryter, and Sdchaud  (1958). Such preparations 
consisted largely of isolated spores, with a  few  short 
chains of spores and small hyphal fragments, 
Fixation.--In  the  first  experiments  the  bacteria 
were fixed in the standard buffered osmic acid solution 
of  Palade  (1952 a)  for 30  minutes. Results with this 
fixative  were  disappointing, particularly  in  combina- 
tion with methacrylate embedding (Fig.  2).  After the 
publication  of  KeUenberger,  Ryter,  and  Sdchaud's 
(1958) very beautiful work on the fixation of Escherlchia 
coli,  their  fixation  schedule  was  followed  exactly, 
except that the prefixation was omitted. The  fixative 
is a  1 per cent solution of osmic acid, buffered to pH 
5.9  with  acetate-veronal.  Traces  of  calcium  chloride 
are  added,  and  just  before the  fixative is  used  it  is 
mixed with l/loth of its volume of tryptone medium, 
Fixation proceeds overnight (about  16 hours)  at room 
temperature,  and  is  followed  by  a  1 hour  treatment 
with a 0.05 per cent aqueous solution of uranyl acetate. 
Both  the addition of calcium  chloride to  the fixative 
and the wash in a uranyl salt are designed to stabilise 
the  nuclear  material  against  coagulation  during  the 
later  stages of the preparative procedure, but  in  our 
experiments this method of fixation has also resulted in 
excellent preservation of the cytoplasmic structure of 
Streptomyces coellcolor. 
Embedding.--After  fixation,  the  specimens  were 
dehydrated in  a  graded  series  of  alcohols,  the whole 
process taking about 1 hour, and embedded in n-butyl 
methacrylate  or  araldite.  It  has  been  shown  that 
araldite is a  superior embedding medium for bacteria 
(Glauert  and  Glauert,  1958), as they are particularly 
liable to "explosion" and polymerisation damage when 
embedded in  methacrylate by  the  routine  procedure 
(Newman, Borysko, and Swerdlow,  1949). This damage 
can  be  minimised by  altering  the  technique,  and  a 
particularly successful  modification has been described 
by  Hashimoto  and  Naylor  (1958),  who  soaked  the 
specimens for  a  long  time in  cold  methacrylate and 
finally  embedded  them  in  partially  prepolymerised 
methacrylate. This  method appears to  give adequate 
results, but by its use many of the advantages of meth- 
acrylate embedding are lost; the whole procedure takes 
as long as a routine embedding in araldite or polyester 
resin (Kellenberger, Schwab, and Ryter, 1956), and the 
viscous  prepolymerised methacrylate  penetrates  the 
specimen no more readily. In these experiments a  more 
rapid methacrylate embedding procedure was followed, 
so  that  the blocks were ready for sectioning 40 hours 
after fixation was begun. After fixation in the standard 
buffered osmic  acid  solution of  Palade  (1952 a),  the 
bacteria were often badly damaged, but unexpectedly 
good  results  were  obtained  in  methacrylate  sections 
after fixation by  the method of  Kellenberger, Ryter, 
and  S6chaud  (1958). As suggested by  Chapman and 
Hillier  (1953), long  fixation in  osmic acid  appears to 
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polymerisation  of  the  methacrylate.  As  will  be  seen 
from  the  micrographs  illustrating  this  paper,  many 
organisms  showed  little  damage,  the  cell  walls  re- 
maining  closely  apposed  to  the  cytoplasm,  and  the 
fine  structure  of  the  bacteria  is  seen  with  unusual 
clarity. 
The  araldite  embedding  procedure  was  applied  in 
essentially  the  same  way  as  originally  described 
(Glauert,  Rogers, and  Glauert,  1956), but some of the 
larger  colonies  were  soaked  for  a  longer  time in  the 
mixture  without  the  accelerator,  to  ensure  complete 
penetration  of  the  specimen  by  the  viscous  epoxy 
resin. 
Thin Sectioning.--The blocks were sectioned, either 
on  a  Porter-Blum  thermal  expansion  microtome 
made at the Strangeways Research Laboratory,  or on 
a  microtome  with  mechanical  advance  designed  by 
A. F. Huxley (1957).  With the Huxley microtome the 
section  is  cut  as  the  specimen  drops  slowly  under 
gravity,  the  fall  being  damped  by  an  oil  dashpot. 
The cutting stroke is, therefore, both slow and smooth 
and results in very uniform and thin sections,  free from 
cutting artefacts. 
The sections were cut with a  glass  knife on to the 
surface of a  10 per cent solution of acetone in water, 
and  picked  up  on  carbon-coated  grids.  The  sections 
were spread by treatment with xylene vapour as they 
lay on  the acetone-water bath,  as described  by Satir 
and  Peachey  (1958).  Araldite  sections  were mounted 
on  very  thin  carbon  films  or  carbon  nets.  Araldite 
sections can  also be mounted  on  uncoated  grids,  but 
then the sections have to be stabilised in the electron 
microscope by irradiating  them  with  a  low intensity 
electron beam before examination. 
Staining of Sectlons.--Some sections were stained by 
floating the grids face downwards for  1 to 2 hours on 
the surface of a 0.5 per cent solution of uranyl acetate 
in  buffer  (Gibbons  and  Bradfield,  1957). After being 
stained,  the sections on  the grid  were washed  briefly 
in  distilled  water  and  then  allowed  to  dry  on  filter 
paper  in  the  usual  way. 
Electron Microscopy.--The sections  were  examined 
in a  Siemens' Elmiskop I, operating at 80 kv. with  a 
50/z  objective aperture,  and  photographs  were taken 
at  instrumental  magnifications  of  10,000 or  20,000 
on Ilford special contrasty lantern  plates. 
RESULTS 
General Organisation of the Hyphae: 
Although  the  hyphae  of Streptomyces coelicolor 
differ in  their appearance  in  the light microscope 
in  different  regions  of  the  colony,  the  individual 
hyphae  have  an  essentially  similar fine structure 
throughout the colony, and in their basic organisa- 
tion  resemble  a  typical  rod-shaped  bacterium. 
They  are  bounded  by  a  cell  wall  (Fig.  1,  W), 
under  which  lies  the  plasma  membrane  (Fig.  1, 
PM).  The  whole  of  the  space  within  the plasma 
membrane is occupied by material of considerable 
electron  density,  the  cytoplasm  and  nuclear 
material, except in aerial hyphae that are develop- 
ing  into  chains  of  spores  and  in  disintegrating 
hyphae. As in other bacteria (Bradfield,  1956),  the 
cytoplasm  of  the  hyphae  of  S.  coelicolor has  a 
granular  "ground  substance."  The  apparent 
coarseness  of  the  granularity  depends  on  the 
type of fixation and on the thickness of the sections, 
and  exact measurements  of granule  size may not 
be  very  meaningful.  Material  fixed  in  Palade's 
solution  (1952  a)  contains  granules  in  the  range 
10  to  40  m#  (Fig.  2,  G),  but  after  fixation  by 
Kellenberger, Ryter, and S~chaud's method (1958) 
the  ground  substance  has  a  more  uniform,  very 
finely  granular  texture  (Fig.  1,  S).  The  nuclear 
material occupies regions with different configura- 
tions,  which  are  characteristic  of  the  different 
stages  in  the  developmental  cycle,  but  its  fine 
structure  is  always  the  same  (Ryter  and  Kellen- 
berger,  1958).  After  fixation  by  the  method  of 
Kellenberger,  Ryter,  and  S6chaud  (1958)  the nu- 
clear regions (Fig.  I, N)  appear  to be occupied by 
fine fibrils,  about  5  m#  in  diameter,  and  are  not 
separated  from  the  cytoplasm  by  a  membrane. 
The  structure  of  the  nuclear  material  will  be 
described  in  detail  later  (Hopwood  and  Glauert, 
in press). 
The Cytoplasmic Membrane System: 
The  most  striking  feature  of  the  cytoplasm  of 
Streptomyces coelicolor is  an  extensive  system  of 
membranes  (Glauert and  Hopwood,  1959),  which 
is present in the hyphae at all stages in the develop- 
ment of the colony, from the germ tubes of spores 
to  the  final  stages  of  spore  delimitation  in  the 
aerial  hyphae.  This  system  has  a  variety  of 
configurations,  but  most  commonly it  consists  of 
ramifying  membranes  which  appear  to  intercon- 
nect,  branch,  and  fold  to  produce  maze-like 
patterns  in  thin  sections  (e.g. Figs.  l,  12,  CM). 
Each  membrane  normally  consists  of  two  dense 
layers,  2  to 3 m/z thick,  separated  by a  less dense 
layer, about 3 m/~ thick, and  thus may be likened 
to  the  "unit" membrane of Robertson  (1958).  In 
the  present  paper,  membranes  with  this  appear- 
ance  will  be  described  as  "unit"  membranes;  in 
an  earlier  publication  (Glauert  and  Hopwood, 
1959)  they  were  referred  to  as  "double"  mem- 
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for structures consisting of two "unit" membranes 
that are  closdy apposed.  The plasma membrane 
of  S.  coelicolor has  the  same  dimensions as  the 
membranes in the cytoplasm (Figs. 1, 9,  12, PM) 
and generally it runs parallel to the cell wall and 
is separated from it by a narrow space. At intervals 
this space is crossed  by small bridges (Fig. 3, B), 
which  appear  to  be  extensions  of  the  plasma 
membrane. In places the normal close relationship 
between the plasma membrane and the cell wall is 
interrupted and the plasma membrane appears to 
infold sharply towards the centre of the hypha to 
connect with components of the intracytoplasmic 
membrane system (Figs. 4,  5,  11, X).  Sometimes 
a small pocket of membranous material, apparently 
formed by a proliferation of the plasma membrane, 
occurs between the  cell  wall and the main body 
of the cytoplasm (Figs. 6, 7, P), so that the plasma 
membrane does  not lie close  to  the  cell wall for 
a  considerable distance.  The plasma membranes 
associated  with  cross-walls  have  an  even  more 
obvious  connection with  the  cytoplasmic  mem- 
brane system, and complex membranous structures 
are often seen to be continuous with the plasma 
membrane on one or both sides  of  the cross-wall 
(Figs. 8, 9). 
In  the  narrower  hyphae  of  the  substrate 
mycelium  the  membranous  component  of  the 
cytoplasm  is  mainly confined  to  the  peripheral 
regions near  the  cell  wall,  although parts  of  the 
membrane system penetrate towards  the  central 
regions.  In the  broader  hyphae of  the  substrate 
mycelium, and in the broad hyphae of  the aerial 
mycelium,  the  membranous  component  is  far 
more extensive and sometimes fills a large propor- 
tion of the cross-section of a  hypha (Fig.  10). In 
its simplest form the membrane system is seen as 
sets  of  "unit"  membranes lying parallel  to  one 
another  (Figs.  6,  12,  CM);  these  presumably 
represent sections through stacks of parallel sheets 
or flattened cisternae. In some  regions circular or 
oval profiles  bounded by membranes are present; 
sometimes they  are  so  numerous that  the  cyto- 
plasm has a vesicular appearance (Figs.  7,  10,  11, 
CM),  which  probably  results  from  sectioning a 
series  of  dose-packed  tubes or  resides.  In some 
hyphae  connections  between  regions  showing 
these different appearances are seen (Figs. 10, 12), 
so that it is probable that they represent different 
views of a single complex cytoplasmic system. 
In  some  hyphae  whorled  structures  are  seen 
(Figs.  2,  13,  14,  CM),  apparently  formed  from 
concentric  layers  of  "unit"  membranes.  These 
appear  to  be  confined to  discrete  regions of  the 
cytoplasm, as if they constitute definite organelles 
but continuity with isolated membranes is some- 
times  observed  (Glauert  and  Hopwood,  1959). 
Such structures are often found on either side of 
of cross-walls  (Glauert and Hopwood,  1959), and 
also in chains of developing spores  (Figs.  15,  16). 
As  the  spores  mature,  these  whorled  structures 
appear  to  condense  still  further  (Figs.  17,  18), 
until  it  is  difficult  to  distinguish  the  separate 
membranous elements.  It  is  noticeable that  the 
more condensed structures in the maturing spores 
are often embedded in the fibrous material of the 
nuclear regions  (Figs.  15  to  18,  N),  although in 
some  spores  they  are  separate  from  the  nuclear 
region (Fig. 17). 
In  certain hyphae  the  intracytoplasmic mem- 
branes appear to be in the form of isolated vesicles 
(Fig. 19, V), within a coarsely granular cytoplasm. 
Such appearances are most common in the hyphal 
fragments  in  spore  suspensions; these  are  often 
disrupted  during  the  preparation  of  the  sus- 
pensions, so  that it is likely  that  the  cytoplasm 
is  disorganised  and  that  the  membranes  have 
rounded  off. In  grossly  damaged  hyphae  the 
membranes seem  to  persist after  the  rest  of  the 
structure of the hyphae has degenerated (Fig. 20). 
In these damaged hyphae the plasma membrane 
separates  from  the  cell  wall and is consequently 
very. dearly seen (Fig. 20); its continuity with the 
intracytoplasmic  membrane  system  is  very 
obvious (Fig. 20,  arrow).  At an even later stage 
in  the  disintegration  of  the  hyphae,  all  that 
remains of  the contents is a  scattering of  "unit" 
membranes,  sometimes  in  the  form  of  vesicles 
(Fig. 21). 
DISCUSSION 
The  Morphology  of  the  Cytoplasmic  Membrane 
System: 
The system of  intracytoplasmic membranes in 
Streptomyces coelicolor described  in this  paper  is 
the most extensive that has been seen in a  bac- 
terium. Elements of  the membranous component 
are present at all stages of the development of the 
colony,  and  numerous  connections  have  been 
observed  between  membranous  structures  of 
different  types.  Thus  it  is  likely  that  all  the 
different images are manifestations  of one extensive 
membranous  system,  which  presents  different 
aspects, according to its stage of development and 
the plane of sectioning. The more compact struc- 
tures found in the mature spores  appear at first A.  M.  GLAUERT AND  D.  A. HOPWOOD  483 
sight  to  have  little  relationship  to  the  simpler 
membrane systems observed in the hyphae of the 
substrate mycelium, but the micrographs illustrate 
stages in a  sequence of events whereby the mem- 
branes  become  more  closely  associated  as  the 
spores  develop,  until  they  form  discrete  bodies 
which  are  apparently  unconnected  with  other 
membranous structures in the cytoplasm. 
It is perhaps surprising that such an extensive 
cytoplasmic  component  should  not  have  been 
observed  before,  particularly  as  the  membranes 
appear to be one of the most resistant components 
of the organism, and remain when the rest of the 
contents of the hyphae have gone (Fig. 21).  In a 
study of the fine structure of Streptomyces coelicolor 
extending over  3  years  (Hopwood  and  Glauert, 
1958),  we  have  previously obtained only vague 
indications (Fig. 2)  of  the existence of structures 
that are now seen with clarity. It seems  that this 
was  due  to  the  use  of  inadequate  preparation 
methods,  and  much  of  the  improvement  has 
resulted  from  following  the  fixation  schedule  of 
Kellenberger,  Ryter,  and  S6chaud  (1958).  This 
procedure  was  developed  to  preserve  the  fine 
structure of the nuclear material of Escherichia coli, 
but  it  also  preserves  cytoplasmic structure  well. 
That this is not the only factor responsible for an 
improved  preparation  technique,  however,  is 
evident from  the  work  of  Brieger,  Glauert,  and 
Allen  (1959) on  mycobacteria growing in organ 
cultures, which were fixed by the standard Palade 
method.  Intracytoplasmic membranes  were  also 
visible in  these  organisms, and  they  have  some 
resemblance  to  those  seen  in  S.  coelicolor.  The 
common factor in the preparation of thin sections 
of both organisms has been the use of a microtome 
designed  by  A.  F.  Huxley  (1957),  and  it  now 
appears  that  much  of  the  damage  seen  in  our 
earlier thin sections, which  was  thought to  have 
been  caused  by  inadequate  preservation  of  the 
structure during the embedding of  the specimen, 
was  in  fact  due  to  crumpling and  distortion of 
the  contents of  the  organisms during sectioning. 
The  membrane system  is  observed  only in  thin 
sections of  good  quality; in  thicker  sections the 
fine  structure  of  the  membranes is  masked  and 
most of the cytoplasm merely has a vague granu- 
larity. Occasional membranous bodies are detected, 
but  their  relationship to  other  structures  in  the 
hyphae  is  not apparent.  Similar inadequacies of 
preparation technique may be responsible for the 
fact  that  only  isolated  membranous  structures 
have  been described previously in mycobacteria, 
although  these  organisms have  been studied  far 
more  widely  than  streptomycetes  (Brieger  and 
Glauert, 1954; Glauert and Brieger, 1956; Breiger 
and Glauert, 1956; Zapf, 1957; Shinohara, Fukushi, 
Suzuki,  and  Sato,  1958;  Takeya  et  al.,  1959; 
Chapman, Hanks, and Wallace, 1959). An exten- 
sive system of parallel intracytoplasmic  membranes 
has been observed by Brieger, Glauert, and Allen 
(1959) in Mycobacterium leprae. 
Preliminary  observations  (Glauert  and  Hop- 
wood,  unpublished)  have  indicated  that  the 
membranous  component  of  the  cytoplasm  is 
prominent in a  member of  the  genus Corynebac- 
terium, which on the basis of cell wall composition 
appears  to  be  closely  related  to  Mycobacterium 
and Nocardia  (Cummins and Harris,  1958),  but 
there is no evidence for its existence in the strains 
of Escherichia coli studied so carefully by Kellen- 
berger and his coworkers,  except for an occasional 
discrete  body  which  has  been  termed  a  "chon- 
drioid." Similar bodies have been observed in E. 
coIi  by Niklowitz (1958).  Small regions of  mem- 
branous material have also been seen in Bacillus 
subtilis  (Ryter and Kellenberger, 1958; Tokuyasu 
and Yamada,  1959). Thus it is already clear that 
the cytoplasm of eubacteria can no longer be re- 
garded as lacking membranous elements (Bradfield, 
1956). It seems, however, that an extensive mem- 
branous system in the cytoplasm is characteristic 
of  Streptomyces,  Mycobacterium,  and  other  mem- 
bers  of  the  Actinomycetales; further work  is  re- 
quired to find if an extensive membranous system 
is confined to this group. 
The  observation  that  the  intracytoplasmic 
membranes  of  Streptomyces  coelicolor are  often 
continuous  with  the  plasma  membrane  may 
indicate  that  the  membranous  system  in  the 
cytoplasm represents an elaboration of the plasma 
membrane. It is of interest that in a recent study 
of  a  protistan,  Plasmodium  berghei,  Rudzinska 
and  Trager  (1959) observed  "concentric double- 
membraned  structures"  which  were  usually 
located near the periphery of  the cell.  The mem- 
branes of  these  structures were  often continuous 
with  the  limiting membranes of  the  cell,  and  it 
was  suggested  that  they  were  derived  from  the 
plasma  membrane  by  invagination.  Simple 
invaginations of  the  plasma  membrane into  the 
cytoplasm have also  been observed in the  giant 
bacterium  Thiovulum  majus  (Faur6-Fremiet and 
Rouiller, 1958). The membranes of this organism 
are associated with small dense granules, are on a 484  FINE STRUCTURE OF STREPTOMYCES  COELICOLOR 
larger scale than those of S. coelicolor, and resemble 
the endoplasmic reticulum of mammalian cells. 
Normally the plasma membrane of Streptomyces 
coelicolor lies just below,  and parallel to,  the cell 
wall,  except  where  interruptions are  caused  by 
elements of  the  intracytoplasmic system, so  that 
there  must be a  mechanism keeping the  plasma 
membrane and the cell wall in close contact. It is 
known that  there  is  a  positive pressure  in some 
bacteria  (Mitchell  and  Moyle,  1956), and  pre- 
sumably this pressure  tends  to  force  the plasma 
membrane  against  the  cell  wall.  There  is  also 
considerable adhesion between the plasma mem- 
brane and  the  cell  wall of  some  bacteria,  which 
makes  it difficult to  separate  the  two  structures 
completely by mechanical methods (Mitchell and 
Moyle, 1956). It is possible that the narrow space 
between the cell  wall and  the plasma membrane 
in thin sections of S. coelicolor is an artefact and 
that  the fairly frequent bridges across  this space 
(Fig. 3, B)  indicate the places at which  adhesion 
was strongest. 
The membranous component of  the  cytoplasm 
is  particularly  extensive  in  the  regions  of  the 
cross-walls,  whorled  concentrations  often  being 
found on either side of a wall (Glauert and Hop- 
wood,  1959), and  connections with  the  plasma 
membranes of the cross-walls  are numerous (Figs. 
8,  9).  This  suggests  that  the  membranes in  the 
cytoplasm  tend  to  proliferate  in  regions  where 
cross-walls  form, and that  their function may be 
related  to  the  synthetic processes  involved. The 
"peripheral bodies"  in Bacillus  subtilis,  described 
by  Glauert, Brieger,  and Allen (in press),  which 
are  often  associated  with  cross-wall  formation, 
are  membranous  structures  similar  to  the 
peripheral  pockets  (Fig.  4)  of  Streptomyces 
coelicolor. 
The Function of the Cytoplasmic  Membrane System: 
It is impossible at the present time to come to 
any definite conclusions as to the function of  the 
membrane system  in Streptomyces  coelicolor. On 
comparing the membranes with structures found 
in mammalian cells, there are obvious similarities 
to  the endoplasmic reticulum (Porter,  1953). The 
two systems are similar in morphology, although 
the  membranes in S.  coelicolor are  on  a  smaller 
scale,  and both systems vary in extent from cell 
to  cell.  It  has  also  been  shown  that  there  are 
connections between the membranes of  the endo- 
plasmic reticulum and  the  plasma membrane  of 
mammalian cells  (Palade,  1956), although  these 
connections seem to be less frequent than those in 
S. coelicolor. In addition, the membranes appear to 
round  off  into  small  vesicles  in  disintegrating 
hyphae of S. coelicolor (Figs.  19 to 21) in a similar 
way  to  the membranes of  the  endoplasmic retic- 
ulum in damaged mammalian cells (Palade, 1958) 
or  in  cells  undergoing  cytolysis  (Porter,  1953; 
Hodge,  1956). On the basis of  this morphological 
analogy,  it  might perhaps  be  expected  that  the 
membranous component of  the  cytoplasm  of  S. 
coelicolor will be found to have a  similar function 
to the endoplasmic reticulum of mammalian cells: 
"the  import,  export,  and intracellular circulation 
of  various substances"  (Palade,  1956). The main 
significance  of  the  invaginations of  the  plasma 
membrane into  the  interior of  the  bacterium  is 
possibly that it results in a greatly increased sur- 
face  area of  the  cytoplasm being in contact with 
the  external medium, since the  pores  in the  cell 
wall are probably large enough to allow free passage 
of  all except large molecules,  such  as  dextran of 
about  2.5  m#  diameter  (see  the  experiments of 
Mitchell  and  Moyle  (1956) on  Staphylococcus 
aureus).  Thus  increased  opportunities for  active 
transport between  the  external medium and  the 
interior of the organism may occur. 
It must be borne in mind, however,  that aerobic 
bacteria contain the systems of oxidative enzymes 
which  in the  cells  of  higher organisms are  asso- 
ciated with the mitochondria. It has been postu- 
lated  that  these  enzymes  are  maintained  in  a 
definite spatial relationship within the mitochon- 
dria,  and that at least some of  the  enzymes are 
"structure-bound" (Palade, 1952 b). In particular, 
the  various  components  of  the  succinoxidase 
complex  are present in the membrane fraction of 
liver mitochondria in the same relative proportions 
as  in intact mitochondria, so  that  probably  the 
enzymes are closely associated with the membranes 
(Siekevitz and Watson,  1956). A  definite spatial 
arrangement may be a necessity for the integrated 
functioning of the enzyme systems. From a study 
of  cell  fractions,  Mitchell  and  Moyle  (1956) 
postulated that  the  cytochrome system of  Staph- 
ylococcus  aureus  is  located  in  the  plasma  mem- 
brane.  As  the  intracytoplasmic membranes and 
the plasma membrane seem to be a unified system 
in Streptomyces  coelicolor, it is possible that  they 
carry the same enzymes, and together are the site 
of  oxidative activity in this organism. If  so,  the 
great  variety of  configurations presented  by  the 
membrane system  in  S.  coelicolor may  reflect  a 
corresponding  variation  in  the  localisation  and A.  M.  GLAUERT AND  D.  A.  HOPWOOD  485 
intensity  of  oxidative  activity.  Thus,  in  the 
absence of typical mitochondrig, this system would 
perform  the functions  of  the mitochondria  of  the 
cells of higher organisms. 
In  conclusion,  it  may  be  suggested  that  the 
intracytoplasmic  membrane  system  of  Streplo- 
myces  coelicolor  performs  the  functions  of  one  or 
other of the two chief membranous systems of the 
cells of higher organisms,  the endoplasmic reticu- 
lum and  the mitochondria,  or it may conceivably 
combine the functions of both.  Until it is possible 
to  correlate  the  extensiveness  of  the  intracyto- 
plasmic  system  with  the  intensity  of  particular 
types  of  activity,  however,  suggestions  as  to  its 
function must be merely speculative. 
The able technical assistance of Miss W.  Wettstein 
is gratefully acknowledged. 
Addendum.--Since the completion of the manuscript 
two  papers  on  the  fine  structure  of  streptomycetes 
have  appeared.  Stuart  (1959)  described  systems  of 
cytoplasmic filaments and  membranes in Streptomyces 
noursei;  continuity  between  the  plasma  membrane 
and a  membranous  "reticulum"  in the cytoplasm was 
noted,  but  details  of the cytoplasmic structures  were 
not  clearly seen  in the published  micrographs.  Moore 
and  Chapman  (1959) observed membranous  elements 
in the cytoplasm of an unidentified streptomycete, but 
the preparative method revealed neither the extent of 
the system  nor its connection  with  the plasma  mem- 
brane;  the membranes were described as  "superfluous 
membranes." 
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EXPLANATION OF  PLATES 
A bbreviatlons 
CM  Intracytoplasmic membranes 
CW  Cross-wall 
PM Plasma membrane 
N  Nuclear material 
W  Cell wall 
All the figures are electron micrographs of  thin sections of Streptomyces coelicolor strain A3(2), fixed  by the 
method of Kellenberger, Ryter, and Sdchaud (1958),  and embedded in n-butyl metbacrylate, except where other- 
wise stated. The scale mark represents 0.1 micron. 488  FINE  STRUCTURE  OF  STREPTOMYCES  COELICOLOR 
PLATE 251 
FIG.  1.  Part of a  hypha of the substrate mycelium from a  young colony grown on minimal agar medium for 
48 hours. The hypha is bounded by the cell wall (W), under which lies the plasma membrane (PM). The cyto- 
plasm consists of intracytoplasmie membranes (CM) and a very finely granular matrix (S). The nuclear region (N) 
is occupied by fine fibrils with intervening ground substance of low  density and no nuclear membrane is seen. 
X  120, 000. 
FIG.  2.  A  hypha from a  14-day colony. The cytoplasm contains a  membranous body  (CM)  and large cyto- 
plasmic granules (G). The nuclear material (N) has been coagulated during preparation, leaving a "nuclear vacuole" 
which appears as an empty space below it. Fixation by the method of Palade (1952 a). )K  100,000. 
FIG.  3.  Part of a  hypha of the substrate mycelium from a  3-day colony. The plasma membrane (PM) runs 
parallel to the cell wall  (W). At intervals the narrow space between the plasma membrane and the cell wall is 
crossed by small bridges (at B), which appear to be extensions of the plasma membrane. X  105,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  251 
VOL.  7 
(Glauert and Hopwood: Fine structure of Slreplomyces coelicolor) PLAI"~ 252 
FIGS. 4  and 5.  Hyphae from a  3-day colony. 
FIG.  4.  The plasma  membrane  (PM) connects with  parallel  membranous elements of  the intracytoplasmic 
system at X.  Small pockets of membranous material are present at the periphery of the hypha, just inside the 
wall, at P.  D  is a  dense particle of unknown nature, possibly dirt.  X  100,000. 
FIG. 4  a.  An enlargement of part of Fig. 4,  showing two of the membranous pockets  (P).  X  130,000. 
FIG. 5.  At X, the plasma membrane (PM) connects with a  membranous body (CM)  at the periphery of the 
hypha. X  100,000. 
Fla.  6.  A hypha from a  6-day colony.  A  small pocket of membranous material  (P)  at the  periphery of the 
hypha is connected with the plasma membrane (PM). A stack of "unit" membranes (CM)  lies at one end of the 
nuclear region (N). Section stained with uranyl acetate. X  100,000. THE  JOURNAL OF 
BIOPHVS[('AI, AND  BIOCHEMICAL 
CY'I'OLOGY 
PLATE  252 
VOL. 7 
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Hyphae from a 6-day cokmy. 
Fro. 7.  A pocket of membranous material (P)  at  the periphery of a  hypha apparently lies outside the rest  of 
the cytoplasm. In a  transerve section of an adjacent  hypha,  the intracytoplasmic membrane system gives  the 
cytoplasm a  vesicular appearance (CM).  Conce~tric layers of "unit"  membranes form an  apparently  discrete 
organelle at X. The plasma membranes (PM) are very clearly seen. Section stained with uranyl acetate, X  100,000. 
Fro. 8.  Elements of the intracytoplasmic system of membranes (CM) are associated  with a cross~wall. X  100,000. 
FIG. 9.  Complex membranous structures (CM) are seen on both sides of a cross wall (CW), and the membranes 
of the upper structure are continuous with the plasma membrane of the cross~walL The plasma  membrane of the 
hypha is very clearly seen (PM). Section stained with uranyl acetate~  X  100,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  253 
VOL.  7 
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Fro. 10.  A hypha from a  6-day colony. Intracytop|asmic membranous elements (CM) fill a large proportion of 
the cross-section of the hypha. The circular and oval profiles do not appear to be bounded by "unit" membranes, 
t)ut by single dense lines. This appearance may be a consequence of the plane of sectioning or may reflect  an  un- 
usual molecular organisation of the membranes. Section stained ~.ith uranyl acetate.  X  100,000. 
Flo. 11.  A hypha of the substrate mycelium from a  3-day colony. Regions of the cytoplasm, in which circular 
or oval profiles are bounded by membranes, have a vesicular appearance (CM). The plasma membrane invaginates 
towards the centre of the hypha at X. At W  the cell wall is cut obliquely at a  place where the plasma membrane 
(PM)  infolds and  connects with elements of the intracytoplasmic system,  adjacent  to  the nuclear  region  (N). 
X  100,000, THE  JOURNAL OF 
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FIG. 12.  A hypha from a 6-day colony. The intracytoplasmic membrane system consists of sets of "unit" mem- 
branes lying parallel to one another (CM), which connect with tubular or vesicular elements to form a maze-like 
pattern. Invaginations of the plasma membrane of the cross-wall  (CW)  are present at X. The plasma membrane 
(PM) runs parallel to the cell wall (W), and to the cross-wall (CW). Section stained with uranyl acetate. X  100,000. 
Fins. 13 and 14.  Hyphae of the substrate mycelium from a 3-day colony. Whorled  structures (CM) are apparently 
composed of concentric layers  of  "unit"  membranes.  X  100,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  255 
VOL.  7 
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FIG.  15.  A  developing spore  from  a  spore  suspension.  A  whorled  structure  (CM),  apparently  formed  from 
layers of concentric and interconnected "unit" membranes, lies embedded  in the nuclear region  (N).  The wall 
(SW) of the developing spore is surrounded by remnants of the wall (W) of the parent hypha. X  120,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  256 
VOL.  7 
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Spores in different stages of development, from a  spore suspension. 
Flo.  16.  Section of a  young spore.  A  system of "unit"  membranes (CM) forms a  whorled  structure near the 
nuclear material (N). Embedded in araldite. Section stained with uranyl acetate.  X  100,000. 
Flo.  17.  Section of a  chain of more mature spores. Two membranous bodies (CM) are seen in the upper spore. 
One lies near the nuclear region (N) and appears to be formed from closely packed, concentric "unit" membranes. 
The other lies at the periphery of the spore, adjacent to the cross-wall that delimited the spore in the parent hypha 
and appears to be connected with the plasma membrane (PM).  X  100,000. 
FIO.  18.  Section of a nearly mature spore. A discrete body, composed of condensed membranous elements (CM), 
is embedded in the nuclear region (N). The thickened wall (SW) of the spore has been broken during the prepara- 
tive procedure.  X  i00,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
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Hyphal fragments in progressive stages of disintegration (from a spore suspension). 
FIG. 19.  The intracytoplasmic membranes appear to be in the form of isolated vesicles (V), and the remainder 
of the cytoplasm is  coarsely granular  (G).  X  100,000. 
FIG. 20.  At a  later stage of disintegration, the intracytoplasmic membranes are seen in a hypha in which the 
cytoplasm is becoming grossly disorganised. The plasma membrane has separated from the cell wall  (W) ; its con- 
nection with the intracytoplasmic membranes is seen (arrow).  X  70,000. 
FIG. 21.  A nearly empty compartment of a  hypha contains scattered fragments of "unit" membranes and a 
few isolated vesicles.  In the adjacent compartment of the hypha, below  the cross-wall  (CW), a  more organised 
structure still exists.  X  50,000. THE  JOURNAL  OF 
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